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light-gas guns powered by electrical discharges may be expected to achieve 

substantially higher projectile velocities than may be obtained by any 

present laboratory gun. 

The thermodynamic properties of compressed, high-temperature hydrogen 

are calculated and presented, and it is found that for isentroplc expansions 

in a region representative of gun operation, the gas closely follows an equ- 

•y 

ation of state of the form P~p , even thou^i considerable dissociation 

occurs. Although 7 is a function of entropy, this fact allows the appli¬ 

cation of a gun model used by Charters et al. of the Ames Aeronautical 

Laboratory in interpreting the performance of their light-gas gun which 

uses helium.^ 

Calculations made on this model show that to maximize muzzle velocity 

one should maximize two parameters: 

0 PAL/ra, which is determined by the mechanical properties of 

the gun 

0 7^Q0/(7-l), which is determined by the gas properties at the 

time of shear disc rupture 

Factors which limit the increase of each of these parameters are 

discussed. 

For the same gun parameter and gas temperature, hydrogen was found 

to give much higher muzzle velocities than helium. 

Using values commensurate with the current state of the art, it was 

estimated that such a gun could deliver about 10 km/sec and would have a 

large potential for future improvement. 
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PREFACE 

II» body of thi. report ... written In 1956, and the .tatest, therein 

vhleh refer to "the p„..»t tin." and “the current .tat. of the art” refer 

to that early date. The purpo.e of thl. preface 1. to not. laprovenent. 

1« the art, which have occur«! up to the p«..„t date (I96I). n* 

ence. need In the p„fao. are added to the origin* n.t. It „ ca,„ 

the following that the later work hae denonetrated the feasibility of the 

electrically Peered llght-gM gu„, an, alao that Inprovencnta m th, »per- 

.ting b«,ch P«..u„ which were cited a. poaelhl. In 1956 n.« nw ^ 

«allied, at least In the case of conventional light-gas guns. 

It 1. now poeeibl, to give an unclaaelfi«, «f,«ne. to the work of 

Charte«, et,*;., 1 which wae not originally the coee. 

Sever* labowtorle. have conducted emaU-ec*. feasibility etudle, 

on the electrically powered llght-ga. gun. t™» At the pr,„nt ^ 

of thee, laboratories (»av* pceearah Uboratory and A,co-E««tt) ^ en- 

S^ed in the development of larger gune.<M> In thelr ïork> both 

have mad. ue. of the theraodynamic propertle. of Mrogen which a« 0*cu- 

lated la Appendix A. The, e.tlmate that about 65 to 65 per cent of the 

1c* velocities given In Fig. 7 a« achieved experimentally, and they 

are ...king to undcretand why the full theoratlc* velocltle. are rot oh- 

t^*d. In both Place, a major difficulty art... In e.tlmatlng the fraction 

of rtectrlc* energy that 1. depclted In the working fluid, for it „ ilf. 

flc*t to measure the dynamic braech prea.ur.. accurately. Oeorglev, u.1^ 

crusher gauge., ..tímate, that praa.u«. between 40,000 a* 100,000 pel 

attained, but note, that the« 1. considerable .carter In the d.ta.<9> 8,1ft 
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estimates that if half of the electrical energy is deposited in the gas, 

about 100,000 psl would be obtained. ^ 

The velocities obtained with conventional-type light-gas guns have in¬ 

creased considerably. For example, workers at the Ames Research Center 

have shot polyethylene projectiles at 29,700 ft/see (9.05 km/sec and 

at the Naval Research Laboratory a velocity of about 27,000 ft/sec (8.23 

km/sec) was obtained with an aluminum projectile. 

Partridge and his workers at the Utah Research Development Corpora¬ 

tion^1^ have developed a gun breech which in a static test has withstood 

about 750,000 psi. The breech was built up of concentric cylindrical shells 

which were heated before positioning and allowed to shrink on the inner 

shells. This method prestresses the interior to a high pressure. The same 

construction principle has been used by these people to design and construct 

a breech which will be operated at U00,000-pei dynamic loads. 

Workers at Los Alamos ^1^ have used the pressures generated by hyper¬ 

velocity impacts to obtain equation-of-state measurements up to about 2 

megabars. In their experiments, a brass plate was accelerated by explosives 

to about 5 or 6 km/sec before Impact. They estimate that there is an upper 

limit of 8 km/sec on the velocities attainable by this means, corresponding 

to the explosive escape velocity for Composition B explosivs. Russian 

workershave uced hyporvelocity impacts to generate pressures up to 

about 5 megabars and have measured the equation of state to that pressure. 

They are not specific about the acceleration technique used, but obtain 

particle velocities in iron of about 5 km/sec. To produce particle veloci¬ 

ties of this magnitude by an impacting iron plate would require a plate 

velocity of 10 km/sec. 
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cross-sectional area of launch tube 

velocity of sound at shear disc rupture 

specific internal enerf^ 

specific internal enerpy of molecular hydrogen at 0°K 

subscript referring to molecular hydrogen 

subscript referrlnc to atomic hydrogen 

specific enthalpy 

equilibrium constant in atmospheres 

molecular weight 

mass of bullet 

number of moles per pn 

VPH„ 

o 

ß 

pressure at shear disc rupture 

pressure 

entropy 

specific entropy 

temperature 

temperature at shear disc rupture 

standard temperature = 273.16°K 

v/a 
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muzzle velocity 

P AL/no 2 

16 pT/pTK 

(B-Da0 

(r + 1)/(7 - i) 



eo • y\ • 2^0/(7-1) 

p ■ density 

PQ ■ density at shear disc rtpture 

PB ■ standard density of molecular hydrogen - 8.99^ * 10’^ 0»/cm^ 
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I. INTRODUCTION 

In this paper a gun will be described and evaluated which gives promise 

of delivering hitherto unattainable bullet velocities. The propellant gas 

is partially dissociated hydrogen, hence the name "atomic-hydrogen gun." 

With the advent of the space age, hypervelocity impact has become an 

increasingly interesting topic. Re-entering ICBM's strike even stationary 

objects at 23,300 ft/sec, satellites orbit at 26,000 ft/sec, and satellites 

in opposing orbits have relative velocities of 32,000 ft/sec. If one wishes 

to consider the effects of meteoroids on space vehicles, he must consider 

impacts in the 36,000 to 240,000 ft/sec range. 

In addition, hypervelocity impact generates pressures on the order of 

millions of atmospheres, so that it may be used as a purely scientific tool 

to investigate the equations of state of materials in hitherto unexplored 

pressure regimes. 

In order to investigate phenomena at these high velocities a great 

amount of effort has been devoted to attaining the highest possible veloc¬ 

ity with a projectile of known mass and geometry, in which the light-gas 

gun has emerged as one of the most promising devices. Since even the best 

light-gas guns fall considerably short of the lowest interesting velocity, 

it is worthwhile to attempt to improve their performance. 

In this memorandum, it is shown that light-gas guns powered by electrical 

discharges may be expected to propel projectiles considerably faster than 

has been possible in the past. In this application, hydrogen appears much 

superior to helium, whereas in previous applications hydrogen showed only 

a marginal superiority and generally bowed to helium in the interests of 

laboratory eafety and expediency• 

» 



II. EXPLOSIVE-POWERED LIGHT-OAS OUNS -— 

Conventional guns, vhich employ nn explosive to propel a bullet, are 

not able to achieve muzzle velocities of more than about 8,000 ft/sec under 

normal firing conditions, and not more than about 10,000 ft/sec If the bar¬ 

rel is evacuated ahead of the bullet. It has been found experimentally that 

these limits may not be exceeded no matter how heavy the charge or how light 

the bullet. Internal balllsticlans have long recognized that this velocity 

limitation is due to the comparatively high density of the gaseous explo¬ 

sive products. A large pressure drop is required to accelerate the dense 

propellant gases, resulting in low pressures on the base of the bullet, and 

consequently in relatively low bullet velocity. This fundamental limita¬ 

tion could be overcome in conventional guns if explosives were developed 

whose burned products had very low molecular weight and, therefore, low 

density. Such explosives would deliver and maintain high pressure at the 

bullet's base, resulting in high muzzle velocities. Such explosives, how¬ 

ever, have not been developed. 

A method of resolving the problem is embodied in the light-gas gun. 

This gun uses propelling gases of low molecular weight (e.g., hydrogen and 

helium) to achieve high pressures at the bullet, resulting in muzzle veloci¬ 

ties greatly in excess of 10,000 ft/sec. The gases used are not explosive 

products in the conventional sense, but require external energy sources to 

affect the pressure build-up. One type of light-gas gun is Illustrated 

schematically in Fig. 1. 
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Shtor dite 

Bullet 

m m u mi 
Ku 

^-Evocuoted barrel 

Explosive products-^ Light gas 

^ Schematic illustration of presently used light-gas gun 

This gun uses an explosive to Impart energy to the light gas by com¬ 

pressing It. A piston Is fired Into the light gas by an explosive charge. 

A shear disc Isolates the bullet from the compressing light gas until a 

predetermined pressure Is reached. Rien the shear disc ruptures suddenly 

and the light gas, acting as the explosive products do In a conventional 

veapon, hurls the bullet through the barrel. In the following exposition, 

the conditions of the light gas Just at shear disc rupture will be denoted 

by subscript tero) for example Pq, pq, and aQ will denote the pressure, 

density, and sound velocity, respectively, at that particular time. 

The fastest muzele velocities achieved by guns of this type, which 

will be termed "explosive-powered" light guns, are 15,400 ft/sec by the gun 

at the Ames Aeronautical Laboratory,^ and about 15,000 ft/sec by the gun 

at the Naval Ordnance Test Station, Xnyokern. Velocities of this magnitude 

are the exception rather than the rule; most velocities from these guns and 

others of the same type are in the 7,000 to 13,000 ft/sec range. 



The modification of the light-gas gun which Is proposed Is shown 

III. PROPOSED MODIFICATION - THE ELECTRICALLY POWERED LIOHT-GAS OUN 

schematically In Fig. 2. 

Condenser 
bank 

Fig. 2—Schematic illustration of proposed 

electrically powered light-gas gun 

The main feature Is that power is supplied tc the light gas by an electrical 

# 
discharge. That this Is feasible has been shown experimentally by Perry. 

For example, a sample of 60 cubic Inches of air has been raised to a tempera¬ 

ture of more than 10,000°K and a pressure of more than 20,000 psi by discharg¬ 

ing a condenser bank through It. Of the 1,000,000 Joules stored In the bank, 

about half were transferred to the gas In less than half a millisecond. The 

time could be drastically shortened by using condensers designed for this 

purpose. 

Ihe working cycle for such a gun consists of heating the gas at con¬ 

stant volume while the shear disc Is Intact, followed by an adiabatic ex¬ 

pansion of the gas as It drives the bullet down the launch tube after shear 

disc rupture. 

^Personal communication with R. Perry, Gas Dynamic Facility, Arnold 
Engineering Development Center, Tullohoma, Tennessee. 

V 



IHie advantage gained by using condenoers as a power source is the 

ability to produce higher gas temperaturen at feasible breech pressures. 

In the case of helium, this results in increasing the sound velocity. In 

the case of hydrogen, the additional benefits of partial dissociation are 

realized, resulting in lower average molecular weight and lower values of 

7. How these factors may be expected to Improve the gun's performance is 

shown in the following sections. 

MATHEMATICAL GUN MODEL 

In analyzing the performance of their light-gas gun, Charters et al(^ 

have found that the model illustrated in Fig. 3 accurately predicts their 

« 
experimental results. 

Actuol chomber 

Assumed chomber 

CO 

7/////////7//77777) 
Vocuum 

_Exponsion 
wove 

'/77/7? 7ZZZZZZZZZZZZZZZZL 

Position of bullet 

before releose 

V Projectile motion 

Fig. 3—Mathematical gun model 

In this model the pump tube io replaced by a hypothetical chamber of the 

same diameter as the launch tube, and extending to infinity. The gas 

~™ '"'They cite that this model was originally suggested by Dr. A. E. Siegel, 
Naval Ordnance laboratory, White Oak, Silver Spring, Maryland. 

1 I 
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conditions in the hypothetical chamber are assumed to be initially uniform, 

and to correspond with those which exist in the real chamber at the instant 

of shear disc rupture. In the model, an expansion wave moves to the left 

with sound speed, aQ, after the shear disc is ruptured, and consequently the 

model predicts that the pressure will fall rapidly with time after the pro¬ 

cess begins. In the real case, the larger chamber is more effective in 

maintaining the pressure at the shear disc position, and this effect causes 

the model to consistently underestimate by about 10 per cent the velocity 

achieved. By taking 110 per cent of the estimated velocity, Charters obtains 

excellent agreement with the experimental velocities. This model will be 

used here without modification. 

The assumptions of the model make it a simple one-dimensional problem 

which may be solved analytically by the method of characteristics. The re¬ 

sult is 

1 

z * (Tí 

where 

z 

u 

V 

A 

L 

m 

a 
o 

ß 

* f0«-/%2 

■ VA*0 

- muzzle velocity 

- cross-sectional area of launch tube 

■ launch tube length 

« mass of bullet 

= (ß-Da0 

= (7+1)/(7-1) 

1 

111 
(1-u) 

ß 
4- — (1) 



Implicit in the derivation of Eq. (l) is tho assumption that 7 i» 

a constant. Offhand, one would not expect this to be the cane for a diatomic 

gas such as hydrogen in a region where temperature and pressure changes affect 

the degree of dissociation. Indeed, the definition of 7 becomes somewhat 

cloudy in such a region. However, analysis shows that if one defines 7 ai 

over the entire region, and if this 7 remains constant throughout an adi¬ 

abatic expansion,then one is again led to Eq. (l). This definition of 7 

becomes equivalent to the common one in the regions where no change of com¬ 

position takes place as the state is varied sligitly. 

The thermodynamic properties of hydrogen were calculated over the 

region of interest in gun operations (Appendix A) and the calculations 

showed that the 7 so defined does remain constant to a remarkable degree 

along adiabnts. Thus one is able to use Eq. (l) even for hydrogen. 

The definition given in Eq. (2) implies that the adiabats will be 

straight lines on a log-log plot, the slope of the line being y. In Fig. ^ 

several adiabats are shown to illustrate the degree to which the approximation 

of constant 7 is satisfied. All of the adiabats ohown begin at a pressure 

of 100,000 psi (6800 atm), which is a value commensurate with the current 

status of breech design. A summary of the thermodynamic values appropriate 

to each adiabat shown in the figure is given in Table 1. 
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Table 1 

• 

cal/gm deg 

T 
0 

deg K 

7 a 
0 

km/sec 

27.O 
25.2 
19.9 
17.9 
13.3 

12,000 
10,000 
6,200 
^,700 
1,900 

1.57 
I.34 
1.23 
1.24 
I.34 

II.5 
9.09 
3.68 
9.O6 
3.19 

Physical Dlacaeilon of the Proceat 

At the Bornent of «hear disc rupture, the pressure on the base of the 

projectile Is PQ. If the gas were able to maintain this pressure on the 

projectile during its flight down a barrel of length L, then the work done 

on the projectile would be PQAL, and the work would appear as projectile 

energy, 1/2 mv . It is Impossible for the gas to do more work this. 

In actual cases, the gas is not able to follow the projectile sufficiently 

well to maintain the initial pressure on the bullet, particularly when the 

bullet attains high velocities. The gas will then perform only a fraction 

of the maximum allowable work on the bullet, which will be called the ef¬ 

ficiency, expressed by 

w 
In terms of the dimensionless variables defined in Section IV, 

1 u* 
(5) 

Figure ^ shows the efficiency as a function of muscle "Mach number," 

defined as v/ao , for four values of ß ■ (7+I]/ (7-I), The curves were 

obtained by solving Eq. (l). It is evident that for small Mach numbers, th< 

efficiency approaches unity, but falls off very rapidly for Mach numbers 



«
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1.0 

v/o0 

Fig. 5—Efficiency versus muzzle Mach number 

.01K 
0.1 

10 



greater than unity. Mach numbers greater than ß-1 can never be obtained, 

for that corresponds to the limiting velocity of the gas, and efficiency 

must fell to zero there. 

The muzzle velocity delivered by a gun having parameters m, A, and L, 

powered by a gas having parameters PQ, aQ, and 7, may be obtained by equat¬ 

ing the curves of Fig. 5 with the equation 

In Fig. 5, Eq. (6) is represented by straight lines of slope 2, having inter¬ 

cepts * ma ^/P AL at v/a - 1. 

Physical intuition leads one to expect that gases of high molecular 

velocity, or equivalently, high sound velocity, would be the most efficient 

in operating a light-gas gun. This is verified by Fig. 5. The q curves 

defined by Eq. (l) all have negative slopes on the log-log plot, and it Is 

shown in Appendix B that this feet is sufficient to insure that increasing 

aQ while holding all other parameters constant always leads to hl gier muz¬ 

zle velocities. 

In addition, it may be seen from Fig. 5 that holding all other parame¬ 

ters constant and lowering 7 increases the muzzle velocity. The physical 

reason for this is that a low value of 7 implies a reservoir of internal 

energy which is delivered to the translational degrees of freedom upon 

adiabatic expansion, serving to maintain a higher pressure than the case of 

a high -7 gas which undergoes a similar volume increase. 

One important energy reservoir for partially dissociated hydrogen is 

the atomic hydrogen itself, which partially recombines on adiabatic expan¬ 

sion with a large consequent release of energy. 
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Thus, to naxlmlse the bullet velocity, one ouit 

1) Maximise PQ 

2) Maximise ao 

3) Minimise 7 

Hie first condition gives a clear-cut dictum, vis* Increase PQ • 

One vlU be limited In this direction by breech-design considerations, »ne 

of the most Important of which Is the material-strength problem* 

The last tvo conditions will In certain cases compete with each other. 

If one Is faced with this problem, a good rule of thumb to follow is to maxi¬ 

mise 

The degree of validity of this rule of thumb Is Illustrated In Fig. 6, 

where tj Is plotted versus v/l . On this plot the curves for various y's 

are brought quite closely together for the range of y fren 1.25 to I.67, 

which Is the range of Interest In designing guns. 

In this Instance the mustie velocity Is determined by the Intersections 

of these curves and the lines 

2 

(8) 

a number of which are shown in the figure. One can see that for the swne 

value of PgAL/m, gases having the same will yield the same mustie veloc¬ 

ity to within 7 per cent over the velocity range of 0 to 2aQ, and the range 

of y from I.25 to I.67. Belov v ■ aQ, the spread is less than 5 per cent. 

I 

1
-^

.1
 



Fig. 6 — Efficiency as a function of v/£0 
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Exemplary Calculations 

For a number of gun parameterS| muzzle velocities were calculated using 

both hydrogen and helium under a vide variety of Initial condltionsi The 

gas conditions used are tabulated In Table 2. 

Table 2 

The hydrogen cases correspond with five of the adlabats shovn In Fig. 

4, and the helium cases vere chosen so that the Initial temperatures and 

pressures are the sane as the hydrogen ones. In each case PQ vas taken 

as 100,000 psl, or about 6C0O atmospheres. Tills pressure Is the one used In 

the Ames experiments/^ and thus may be considered as presently accessible. 

The gun parameters always occur in the combination F^AL/m. The Ames 

experiments utilized the following values: 



P0 - 100,000 psi 

A ■ .266 cm (the area of a circle .22 inch in diameter) 

L ■ 13^ cm 

m ■ .211 911 

19 2 2 
These values lead to P0AL/m ■ I.I5 x 10 cm /sec , vhich la one 

11 12 12 • 

of the values used. The others were 2 x 10 , 3 x 10 , and 3 x 10 . 

These combinations lead to the muzzle velocities shovn in Table 3* The 

2 2 
velocities are given in kn/sec, and P0AL/m in cm /sec . 

Table 3 

The values 1.1 v are the theoretical uuzzle velocities es given by 

the model, and these ore plotted vercus in Fig. 7* fißure shows in 

a striking manner that the muzzle velocity is ccccntially a function of only 

l0 for a given value of P0AL/m. The figure is well suited for roujÿi initial 

1_ 
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Fig.7—Theoretical muzzle velocity vs £0 



estimates of muirle velocity by gun designers, since enough values of P^Al/m 

are used that interpolation betveen them gives a good estimate. 

One should note that for higher values of P0AL/a, there Is a greater 

payoff as one increases 

POSSIBLE IMPROVEMEMTS AMD LIMITATIONS 

The gun parameter vhich is probably most susceptible to improvement is 

Po, since the factor which limits Po is the strength of the breech. At 

present, breeches are easily designed to withstand 100,000 pel. By clever 

design, it should be possible to design them for about 450,000 pel.* With 

this improvement, values of P^/m on the order of the highest one used, 

12 
vit. 5 X 10 , may be obtained. However, increasing PQ may be expected to 

cause a subtle experimental difficulty. It will increase the initial accel¬ 

eration of the projectile by the same factor by which P is increased, and 
o ' 

so may lead to the problem of projectile breakup. 

Current guns operating at 100,000 psi have experienced this problem, 

and only projectiles of strong materials can withstand the accelerations 

associated with this initial pressure. Soft materials, such as lead, invari¬ 

ably break up. However, it nay be said that the severity of the problem 

should not be greatly increased by going over to the electrical gun, since 

the maximum acceleration will be the same for both guns operating at the 

same P . o 

Using only these theoretical results, one would conclude that in¬ 

creasing the barrel length would be fruitful. However, experiments with 

light-gas guns have shown that increasing the barrel length beyond 100 to 

i 
Private communication with W. S. Partridge and S. S. Kistler, Univer¬ 

sity of Utah. 



200 caliber, doe. not lead to increaaed mural, velocltle.. n,, rea.on. for 

thl. phenomenon « not veil underatood, the eaplanatlon floored at pr..,nt 

bains that a boundary layer i. Ponced next to the barrel wall, which srowe 

«1th time until the tarrel 1. filled. Lengthening th. burel will probably 

not be favorable until aomeone correctly explain, th. difficulty and fomu- 

lates a corrective measure. 

Q. third poa.ibllity, that of minlnlaing ./A, alM „a. inherent 

limitation.. To minimi,, thl. quantity, on. mu.t uee projectile „terlu. 

of low denaity, or u.e very thin projectile.. One will be thwarted in thi. 

direction by projectile breUtup and the fact that very thin projectile, 

nlsht not be .table. The thlcknee. of the Ame.-group projectile, calculated 

on th. aaemptlon that .it ... aluminum of d.n.lty 2.7 ». .2U gm, 

and area .266 cm8, » .293 a. ttll My ^ ^ iu ^ 

.559 cm. On. would euppoee that thl. projectile, which 1. only about one 

half a caliber long, 1. do., to the emalle.t thlcknet. allowable. 

By condeneer dl.chu-g„, it rtould be po..lbl. to obtain temperature, 

on th. order of 12,000¾ in hydrogen rether ea.ily. At . br«ch pr,..ur, 

of 100,000 p.1, thl. lead, to the condition, of ca.e 1 in Table 2, where 

ft° ' UA9 km/MC “ä {o ’ *0n/8ec* * theoretical mutale velocity 

of 10.2 km/.ee would then be given by the Arne, parameter of PoAL/m . I.15 x 

ID12. Thl. velocity i. indicative of the immediate potential of euch a device. 

To réalité the capabilltle. of thi. device will require a large bank 

of condeneer., for reaching th. breech condition, cited require, the addl- 

tion of about 330,000 Joule, per gram of hydrogen need. Therefore, the coat 

of the condeneer. might constitute a practical limitation on the value of 

!0. Although the initial expenditure for mich a bank will be alaable (on 

the order of t«. cent, per Joule Installed), the bank will not deteriorate 



with use, and mny be used for n vnrlcty of other interesting experiments; 

and most of the cost may eventually be recovered through resale. The ports 

of the gun which may be expected to deteriorate rapidly, the breech and adja¬ 

cent sections of the barrel, are simple and relatively inexpensive, and may 

be designed to be replaced independently after a few shots. 

It has been shown that hydrogen outperforms helium in the same gun 

starting at the same temperature and pressure. However, ns one pushes to 

higher and higher temperatures in the future development of this device, it 

is conceivable that hydrogen may reach its limit in this direction before 

helium does. Factors which militate for this are l) the higher thermal 

conductivity of hydrogen coupled with the finite time required to impart 

the energy to the gas, 2) recombination of atomic hydrogen on the walls of 

the gun, and 3) the lower ionization potential of hydrogen. Tius, at ex¬ 

tremely high temperatures helium may again come into contention with hydrogen 

as the optimum working fluid for such a gun. It seems that the final disposi¬ 

tion of this question must be settled by experiment. 



IV. CONCLUSIOWS 

By using tbs light-gas-gun principle suggested here and designs coo- 

mensurate with the current state of the art, it should be possible to achieve 

muztle velocities on the order of 10 km/sec. Beyond this there is a poten¬ 

tial for development of the device to yield even higher velocities. 



Appendix A 

THERMODYNAMIC PROPERTIES OF HYDROGEN 

Under the operating conditions of the gun, the gas particles experience 

Q 
collisions at the rate of about 107 per second. Since the gun operating 

time is on the order of a millisecond, each particle will experience about 

10^ collisions in this period. For this reason it is assumed that the gas 

will remain in equilibrium. The properties of hydrogen were calculated on 

this assumption. 

Only two species were deemed important, namely H and Hg. 

For convenience in applying the results to gun calculations, the prop¬ 

erties are not given in the usual thermodynamic terminology. Instead, they 

are given as follows: 

e - e20 specific internal energy of the mixture in Joules/fjn 

h - e^Q specific enthalpy of the mixture in Joules/gn 

s specific entropy of mixture in cal/gra deg K 

The CgQ denotes the fact that energies are referred to the ground state 

of the hydrogen molecule. In addition, the number of moles of each species 

per gram of mixture, the partial pressures of each species, and the total . 

pressure are presented. 

CALCULATION OF COMPOSITION 

In the following, the subscripts H and Hg will refer to the atomic and 

molecular species, respectively. Using the ideal gas law and the law of 

partial pressures, one can immediately write 

% pT 

psTs 

i 



where M Is the molecular weight, end are the partial pressures in 

atmospheres, p is the density of the mixture, p^ ■ 8.994 10"^ g»/cm^ Is 

the density of molecular hydrogen at standard temperature and pressure, and 

■ 273.16°K is the standard temperature. 

Prom the definition of the equilibrium constant, one has 

Solving these two equations for r , the ratio of partial pressures, one has 

r ■ fT * 5 (1 * 

^61,6 0 " P T K(atm) * lt is lnterestlng that the composition is a 
s s 

function of the single variable, a. The equilibrium constant, K, was cal¬ 

culated from the input values tabulated in Table 4 and is presented there. 

The composition as a function of a is exhibited in Fig. 8. 

Once r has been determined, the number of moles of each species per 

gram of mixture is detennined from the relations 

^ r+2 ' "Hg “ST * 

DETERMINATION OF THERMODYNAMIC PROPERTIES 

Once the composition is determined to the extent of knowing the number 

of moles of each species per gram, one can use the molal quantities given in 

the table of inputs to determine the specific properties of the mixture. One 

must correct the free energy and enthalpy of atomic hydrogen given in Table 4 

so that they are referred to the same energy scale as the molecular species. 

To this end the value of discocintion energy of the hydrogen molecule found 
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Tabl« k 

THERMODYNAMIC INPOTS 

(Data from 300¾ to ^000°K la taken from Ref. 2; molecular hydrogen 
data from 5000 iC to 12.000¾ is taken from Ref* 3J atomic hydrogen 

data from 5000¾ to 12,000¾ la taken from Ref. k) 

Molecular Hydrogen 

H-H 0 0 
■rT" 

s 
R 

F°-P _o 
RT 

Atomic Hydrogen 

o 
K 

(atm) 

300 

600 

1000 

2000 

3000 

1«XX) 

5000 

6000 

7000 

8000 

9000 

10000 

3.1*16 

3.^6k 

3.506 

3.69^ 

3-897 

4.069 

4.172 

4.274 

4.361 

4.434 

4.506 

4.568 

12000 4.686 

15.73 

18.16 

19.98 

22.65 

24.39 

25.71 

26.72 

27.60 

28.35 

29.02 

29.62 

30.16 

31.13 

12.31 

14.69 

16.47 

18.96 

20.49 

21.64 

22.55 

23.32 

23.99 

24.58 

25.II 

25.59 

26.44 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.500 

2.506 

13.80 

15.53 
16.81 

18.54 

19.56 

20.26 

20.83 

21.29 

21.67 

22.00 

22.30 

22.57 

23.OI 

II.30 

I3.O3 
14.31 

16.04 

17.06 

17.78 

18.33 

18.79 

19.17 

19.51 

19.80 

20.07 

20.52 

.02455 

2.507 

41.46 

269.4 

1026 

28o6 

6127 

11,400 

29,300 



(5) i 
by Soutier waa nord, ruunrly 36,U6 1 6 cm . Ihc valuea of conotnntfl 

used are as follows: 

Tg = 273.16°K 

R ■ I.9O717 cal/mole deg «» 8.31^33 Joules/mole deg 

hc/k - I.4388 cm deg 

PB - 8.994 X 10'5 ffn/cm3 

* 

Hie steps used In the calculation are as follows: 

For a given value of — and T 
8 t 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

exp 

a - .058574 I 
pe K 

r - £ (l+>/l^) 

P K 
PH - r 

\ 

P + P 
H \ 

.9921 s —■ r i • n 
r + 2 1 'hi 

.9921r 
r + 2 

0 = 

'hi ^ PH " ^ In P„ (1.98717) 

9* b - e, 20 

[\(í)% • ■■(■■), 



10. • > e, 20 ^ - S7T ll-mi x “3) 

F. R. Oilaore^6^ pf RAND has Independently calculated these properties 

by a soaevhat different nethod in the temperature range from 5000°K to 

12,000°K. Good agreement exists between his values and those presented here. 

The properties presented in Table 5 are: 

Column 1. Temperature in degrees Kelvin. Each page contains values perti¬ 

nent to a given value of p/p . 
Ö 

Ujj, number of moles of atomic hydrogen per gram of mixture. 

n^y number of moles of molecular hydrogen per gram of mixture. 

P_i partial pressure of atomic hydrogen in atmospheres. 
H 

Column 2. 

Colvmm 3, 

Column 4. 

Column $. 

Column 6s 

Column 7* 

t t partial pressure of molecular hydrogen in atmospheres. 
“2 

P, total pressure in atmospheres. 

e - egQ, internal energy per gram of mixture in Joules per gram, 

(e^- is the internal energy of one gram of molecular hydrogen 
cv 

at tero temperature and pressure.) 

Column 8. », specific entropy of mixture in calories per grem degree. 

Column 9. h - e^, specific enthalpy of mixture in Joules per gram. 

The second column under each heading gives the power of ten by idsich 

the first column should be multiplied. The data are plotted in Figs. 9 eod 

10. 

USB OF PIQURES IN DESIGNING THE LIGHT-GAS OUN 

Figures 9 and 10 can be used to achieve a rough design of an electri¬ 

cally powered light-gas gun. 

The first stage of gun operation involves an electrical deposition of 

energy in the gas at constant volume. Under these conditions, the energy 
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Fig. IO—Pressure versus entropy for hydrogen in equilibrium 



deposited appears entirely as internal energy, and the energy required to 

reach a given state at shear disc rupture nay be found trm Pig. 9 as is il¬ 

lustrated in the above diagram. 

One first chooses the initial state, A, defined by a certain temperature 

and density ratio. In this state, the gas has internal energy e^ per gram. 

One then follow* the line of constant density until the desired pressure 

is reached. To facilitate the present calculations, the 100,000 psl Isobar 

was drawn in Fig. 9 by the use of Tables 4 and 5. The intersection of the 

constant-density line and the isobar defines state B, which is the state at 

shear disc rupture. The difference in specific internal energy between 

states A and B is the amount which must be added to the gas. 



RM-1707 
32 

The preceding figure Illustrates the case where p/pa Is 100. At 

state B, where the pressure Is 100,000 psl, the gas has a specific Internal 

energy of about 300,000 Joules per gram. Thus, starting at state A, where 

the gas is at room temperature and has a specific internal energy of about 

3,000 Joules per gram, one must add about 297,000 Joules per gram to reach 

the desired gas conditions. 

The next phase of the gun operation is assumed to be an isentroplc 

expansion of the gas as it propels the projectile down the barrel. To fol¬ 

low the gas conditions, one identifies state B in Fig. 10, and proceeds 

straight downward in that figure at constant entropy. This is illustrated 

in the following figure: 
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As one proceeds down the isentrope In the preceding figure, he Identi¬ 

fies the pressure-density coordinates of several points and plots the« on 

log-log paper» The slope of the resultant line gives the value of y to 

be used In calculating the performance of the gun. 



(The right-hand number vithln each column—except the stub—li the 
power of ten by which the left-hand number in that column should 

be mu] tiplied. 

T 

(°k) 

"h % 
(l^) 

PH 

(atm ) 

% 
(atra) 

F 

(atm) 

0 

e'e20 

(^) 
B 

(Ä) 
h"e20° 

(it) 
p/o = 0.1 

30C 
600 

1,000 
2,000 

3,000 
1*,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

'1.06 
4.96 
4.96 
4.96 

7.14 
4.71 
8.60 
9.62 

-1 
-1 
-1 

4.60 
2.61 

-1 
-1 

-116.59 -2 
-1 1.52 -2 

9.82 -1 4.86 
9.88 -1 2.05 

1 1.06 
1 6.36 
1 2.97 

9.90 
9.91 
9.92 

1.58 
1.39 
3.17 
4.26 

-3 5.08 
-3 5.83 

6.58 
7.31 

-4 8.78 

1.10 
2.20 
3.66 
7.32 

1.02 
7.70 
2.43 
6.73 

2.51 
1.21 
7.06 
4.69 
2.63 

1.10 
2.20 
3.66 
7.32 

I.I8 
2.I6 
3.42 
4-33 

5.IO 
5.85 
6.58 
7-32 
O.78 

2.99 
6.10 
I.03 
2.22 

5.I3 
I.52 

2.48 
2.82 

2.99 
3.12 
3.25 
3.38 
3.63 

1.77 
1.94 
2.07 
2.26 

2.53 
3.21 
3.73 
3.88 

3.94 
3-99 
4.02 
4.06 
4.11 

4.23 
8.57 
1.45 
3.O5 

6.46 
1.76 

1 2.87 
3.31 

3.56 
1 3.78 
1 3.99 
1 ».20 
1 ».62 

3 
3 
4 
4 

4 
5 
5 
5 

5 
5 
5 
5 
5 

o/pb = 0.3 

V 
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Table $ (continued) 

T 

(°K) 

"h 

(^) 
\ 

^molesj 

PH 

(atm) 

PH "2 

(atm) 

P 

(atm) 

0 
e-e20 

(^) 
s 

(Ä) 
h-e20° 

(£) 
0/ '0B - 

0 

30c 
600 

1,000 
2,000 

3,000 
U,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

^96 -1 
k.96 -1 
i*.96 -1 

2.32 -2 
1.85 
5.17 - 
7.88 -1 

1 i* 
1 2 

9.09 
9.5¾ 
9.72 
9.80 
9.86 

-1 

.84 -1 
03 -1 

.38 -1 
11.02 -1 

-1 4.16 
I.9I 

-2 
-2 
-2 
-3 

2.94 -3 8 

•1 1.02 
•1 6.21 

5.I3 -1 

5.46 
I.91 1 
3.49 1 

4.70 
5.63 
6.45 
7-23 

.73 

1.10 
2.20 
3.66 
7.32 

1.07 1 
1.19 1 
8.77 
4.52 

2.I5 
1.13 
6.8O 
4.59 
2.60 

-1 
-1 
-1 

1.10 
2.20 
3.66 
7.36 

1.12 
1.74 
2.7O 
3.94 

4.91 
5.74 
6.52 
7.28 
8.76 

2.99 
6.10 
I.03 
2.22 

4.08 
9.01 
1.75 
2.46 

2.84 5 
3.06 5 
3.22 5 
3.36 5 
3-62 5 

I.71 
1.84 
2.04 

2.21 
2.54 
3.00 
3.31 

3.^5 
3.52 
3.56 
3.60 
3.65 

18.57 
1.45 
3.05 

5.35 
1.10 
2.07 
2.90 

3.95 
4.18 

p/c = 3.0 

300 
Ó00 

1,000 
2,000 

3,000 
4,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

1.34 
1.12 
3.47 
6.17 

7.99 
8,92 
9.35 
9.57 
9.75 

4.96 
4.96 
4.96 
4.96 

4.89 
4.4o 
3.22 
1.88 

9.65 
5.02 
2.84 
1.78 
8.62 

8.93 
9.89 
3.85 
8.19 

1.24 
1.58 
1.86 
2.12 
2.59 

-1 

1 
1 

2 
2 
2 
2 
2 

3.29 
6.59 
1.10 
2.20 

3.25 
3.9O 
3.57 
2.49 

1.50 
8.89 
5.67 
3.93 
2.29 

3.29 
6.59 
1.10 
2.20 

3.34 
4.89 

l|7.4l 
I.07 

1.39 
I.67 
I.92 
2.I6 
2.61 

1 
2 

2.99 
6.10 
I.03 
2.22 

I.43 
3| 1.60 

1.73 
1.93 

3.87 
1Í7.43 

1.39 
2.10 

2.61 
2.93 
3.14 
3.31 

2I 3.60 

5 

4j2.09 
2.33 
2.67 
2.98 

5 3.17 
5 3.27 

3.33 
513.37 
5 3.43 

4.23 
8.57 
1A5 
3.05 

5.12 
9.27 
1.67 
2.50 

3.13 
3.56 
3.87 
4.12 
4.58 

5 
3 
4 
4 

4 
5 
5 

3.39 5 
3.70 5 

5 
5 

4.61 5 

3 
3 
4 
4 

4 
4 
5 
5 

5 
5 
5 
5 
5 

i 
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Table 5 (continued) 

T 

(°k) (íH 

\ 

(#) 

PH 

( at/n ) 

% 

(atui) 

P 

(atui ) 

0 

e-e20 

(m) 

B 

(Ä) 

h"*20 

'ns = 50 

600 
1,000 
2,000 

3,000 
i*, 000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

3.31 
2.86 
1.00 
2.17 

3.56 
4.89 
6.01 
6.87 
7.99 

4.96 
4.96 
4.96 

4.94 
4.82 
4.46 
3.87 

3.18 
2.52 
1.96 
1.53 
9.65 

-1 
-1 
-1 
-1 

-3 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-2 

3.67 
4.22 
1.85 
4.81 

9.18 
1.44 
2.00 
2.53 
3.54 

5.49 
1.10 
1.83 
3.66 

5.47 
7.11 
8.23 
8.59 

8.22 
7.43 
6.50 
5.63 
4.27 

2 
2 1 

5.49 
1.10 

•83 
3.66 

l| 2.99 
6.10 
1.03 
2.22 

5.51 
0 7.53 

1.01 
1.34 

1.74 
2.19 
2.65 
3.10 
3.97 

1.16 
1.33 

4 1.46 
4 1.56 

3.65 
5.65 

3 8.67 
3 1.26 

1.70 
2.12 
2.49 
2.79 
3.28 

4 
5 

5 
5 
5 
5 
5 

1.79 
I.92 
2.08 
2.26 

2.42 
2.55 
2.65 
2.73 
2.84 

1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
1 
1 
1 

4.23 
8.57 
1.45 
3.O5 

4.89 
7.34 
1.09 
1.57 

2.09 
2.6I 
3.O8 
3.49 
4.18 

ù/C, - 75 

300 
•SOO 

1,000 
2,000 

3,000 
4,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

2.70 
2.34 
8.25 
1.81 

3.02 
4.24 
5.32 
6.19 
7.42 

4.96 
4.96 
4.96 
4.96 

4.95 
4.84 
4.55 
4.05 

-3 
-2 
•2 
-1 

-1 
-1)2.84 
-12.30 
-1 1.86 
-1 1.25 

-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 

3.45 -1 
1 
1 
1 
1 

4.49 
5.18 
2.28 
6.02 

1.17 
1.88 
2.65 
3.43 
4.93 

8.24 
1.65 
2.75 
5.49 

8.21 
1.07 
1.26 
1.35 

1.34 
1.26 
1.15 
1.03 
8.30 

ij 8.24 
1.65 
2.75 

2I5.49 

1)2.99 
6.10 
1.03 
2.22 

8.26 
1.12 

3 1.49 
3 1.95 

2.51 
3.14 
3.80 

3 4.46 
5.76 

1.12 
I.29 

4| 1.42 
I.6I 

3.64 
5.53 

3 8.29 
1.19 

4 
5 

1.59 
1.99 
2.35 
2.66 
3.18 

1.75 
4)1.88 

2.02 
2.18 

2.33 
2.45 
2.56 
2.64 
2.75 

4.23 
8.57 
1.45 
3.05 

4.88 
7.22 
I.05 
1.48 

1.97 
2.46 
2.92 
3.33 
4.04 

3 
3 
4 
4 

4 
4 
5 
5 

5 
5 
5 
5 
5 

3 
3 
4 
4 

4 
4 
5 
5 

5 
5 
5 
5 
5 



Table 5 (continued) 

(°k) 

"h 

(moles 
em )( 

n, 
»2 

rmoles\ 
G" / 

H 

(atm ) 

Fh2 

(atm) 

F 

(atm) 

e-e, 
20 

s 

cal /J_\ (S*LJ\ (~L\ 
\f?m / \iïm deg/ \ 6"»/ 

h-e, 
20 

I 



T 

(°k) 

Hh % 

(iH 

fh 

(atm) 

H2 

(atm) 

P 

(atm) 

0 

ee20 

fér) 

8 

/ cal \ 

"•'îo0 

(■£) deg/ 

p/n = 200 
S 

300 
600 

1,000 
2,000 

3,000 
4,000 
5,ooo 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

1.66 -3 
1.44 -2 
5.14 -2 
1.15 -1 

1.99 -1 
2.89 -1 
3.77 -1 
4.55 -1 
5.82 -1 

4.96 -1 
4.96 -1 
4.96 -1 
4.96 -1 

4.95 -1 
4.89 -1 
4.70 -1 
4.38 -1 

3.97 -1 
3.52 -1 
3.00 -i 
2.68 -1 
2.05 -1 

7.34 
8.51 1 
3.79 2 
1.02 3 

2.05 3 
3-41 3 
5.00 3 
6.72 3 
I.03 4 

2.20 2 
4.39 2 
7.32 2 
1.46 3 

2.19 3 
2.89 3 
3.^7 3 
3.88 3 

4.10 3 
4.15 3 
4.09 3 
3.96 3 
3.63 3 

2.20 2 
4.39 2 
7.32 2 
1.46 3 

2.20 3 
2.94 3 
3.85 3 
•*.90 3 

6.15 3 
7.56 3 
9.09 3 
I.07 4 
1.39 4 

2.99 : 
6.10 : 
I.03 4 
2.22 4 

3.61 4 
5.34 4 
7.63 4 
I.05 5 

1.38 5 
I.72 5 
2.04 5 
2.35 5 
2.89 5 

1.02 1 
I.I9 1 
1.32 1 
I.52 1 

I.65 1 
I.77 1 
I.89 1 
2.01 1 

2.I3 1 
2.24 1 
2.33 1 
2.41 1 
2-53 1 

.423 3 
8.57 3 
1.45 4 
3.05 4 

4.85 4 
7.01 4 
9.80 4 
1.33 5 

I.72 5 
2.14 5 
2.56 5 
2.95 5 
3.67 5 

ß/C 300 

300 
'jOO 

1,000 
2,000 

3,000 
li,000 
5,000 
0,000 

7,000 
8,000 
9,000 

10,000 
12,000 

Ul :ä 
H.22 <-2 
9.5H -2 

I.65 
2M 
3.2I 
3.93 
5.1^ 

-3 !* 

-1 
-1 
-1 
-1 
-1 

4.96 
4.96 
4.96 
4.06 

, 95 4.90 
4.75 
4.48 

4.13 
3.74 
3-35 
3.00 
12.39 

8.99 
1.04 
4.67 
I.27 

2.56 
4.31 
6.40 
8.70 
1.36 

3.29 
6.59 
1.10 
2.20 

l\% 
5.26 
5.96 

3 6.4i 
6.63 

3 6.68 
6.63 
6.36 

3.29 
6.59 
1.10 
2.20 

5.72 
7.22 

3 8.97 
1.09 
1.31 

1.53 
00 

3 
3 
3 
3 ’ 

2.99 
6.10 
I.03 
2.22 

3.61 
5.28 

3 T.W 
1.01 

1.31 
I.62 
I.93 
2.23 
2.76 

3 9.79 
3 1.15 

1.28 
1.48 

1.61 
I.72 
1.84 
1.95 

2.06 
2.16 
2.25 
2.33 
2.44 

4.23 
8.57 
1.^5 
3.05 

3 
3 
4 
4 

4.85 
6.95 

1 9.59 
1 1.28 

4 
4 
4 
5 

1.65 
2.04 
2.43 
2.80 
3.5I 

5 
5 
5 
5 
5 



T 

(°k) 

"h 

iT) 

nu 
H2 

^moleej 

rH 

(atm) 

% 
(atm) 

F 

(atm) 

0 c-e 
20 

{èr) 

s 

/ cal \ 

h-'20° 

(■£) ^ Km dee/ 

p/n -.: Koo 3 
30c 
600 

1,000 
2,000 

3,000 
U,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

1.17 -3 
1.02 -2 
3.66 -2 
C.3I -2 

1.45 -1 
2.15 -1 
2.85 -1 
3.52 -1 
4.66 -1 

4.96 -1 
4.96 -1 
4.96 -1 
4.96 -1 

4.95 -1 
4.91 -1 
4.78 -1 
4.54 -1 

4.24 -1 
3.89 -1 
3-53 -1 
3.20 -1 
2.63 -1 

1.04 1 
1.21 2 
5.41 2 
1.47 3 

3.00 3 
5.07 3 
7.58T 3 
1.04 4 
1.65 4 

4.39 2 
8.79 2 
1.46 3 
2.93 3 

4.39 3 
5.O0 3 

7.05 3 
8.05 3 

8.75 3 
9.18 3 
9.39 3 
9.45 3 
9.31 3 

4.39 2 
8.79 2 
1.46 3 
2.93 3 

4.40 3 
5-92 3 
7.59 3 
9.52 3 

I.17 4 
1.43 4 
I.70 4 
1.98 4 
2.58 4 

2.99 3 
6.10 3 
I.03 4 
2.22 4 

3.60 4 
5.25 4 
7.32 4 
9.84 4 

1.27 5 
1.57 5 
1.86 5 
2.15 5 
2.67 5 

9.5I 
1.12 1 
I.25 1 
I.45 1 

I.58 1 
I.69 1 
3.8O 1 
I.9I 1 

2.02 1 
2.11 1 
2.20 1 
2.27 1 
2.38 1 

4.23 3 
8.57 3 
1.45 4 
3.05 4 

4.84 4 
6.92 4 
9.46 4 
I.25 5 

I.60 5 
1.97 5 
2.34 5 
2.71 5 
3.40 5 

p/p = 600 3 

300 
600 

1,000 
2,000 

3,000 
U,000 
5,000 
0,000 

7,000 
8,000 
9,000 

10,000 
12,000 

9.57 -4 
8.34 -3 
3.00 -2 
6.84 -2 

1.20 -1 
1.79 "1 
2.40 -1 
2.99 -1 
4.03 -1 

4.96 -1 
4.96 -1 
4.96 -1 
4.96 -1 

4.96 -1 
4.92 -1 
4.81 -1 
4.62 -1 

4.36 -1 
4.06 -1 
3.76 -1 
3.47 -i 
2.95 -1 

I.27 1 
1.48 2 
6.65 2 
1.02 3 

3.72 3 
6.36 3 
9.58 3 
1.32 4 
2.14 4 

6.59 2 
1.32 3 
2.20 3 
4.39 3 

6.58 3 
8.71 3 
I.07 4 
I.23 4 

1.35 ^ 
1.44 4 
I.50 4 
1.54 4 
1.57 4 

6.59 2 
I.32 3 
2.20 3 
4.39 3 

6.60 3 
0.86 3 
1.13 4 
1.4l 4 

I.72 4 
2.07 4 
2.46 4 
2.86 4 
3.71 ^ 

2.99 3 
6.10 3 
1.03 4 
2.22 4 

3.60 4 
5.21 4 
7.18 4 
9.53 4 

1.22 5 
I.50 5 
1.78 5 
2.05 5 
2.56 5 

9.11 
I.O8 1 
1.21 1 
1.41 1 

I.54 1 
I.65 1 
1.75 1 
I.85 1 

1.95 1 
2.04 1 
2.12 1 
2.19 1 
2.3O 1 

4.23 3 
8.57 3 
1.45 4 
3.05 4 

4.84 4 
6.87 4 
9*30 4 
1.22 5 

1.54 5 
1.89 5 
2.24 5 
2.58 5 
3.26 5 

’V 

I 



T 

(°k) 

"h 

(^) 
% 

^moles ^ 

PH 

(atm) 

% 
(atm) 

P 

(atm) 

0 
e-e20 

(w) 

6 

/ cal \ 

. 0 
h“e20 

(it) \m tes J 

o/om - 800 s 

300 
600 

1,000 
2,000 

3,000 
U,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

8.29 -U 
7.23 -3 
2.60 -2 
5.95 -2 

1.05 -1 
1.57 -1 
2.12 -1 
2.65 -1 
3.61 -1 

4.96 -1 
4.96 -1 
4.96 -1 
4.96 -1 

4.96 -1 
4.92 -1 
i.83 -1 
4.66 -1 

1.44 -1 
4.17 -1 
3.90 -1 
3.64 -1 
3.I5 -1 

I.47 1 
I.7I 2 
7.69 2 
2.11 3 

4.34 3 
7.44 3 
1.13 4 
1.57 4 
2.56 4 

8.79 2 
1.76 3 
2.93 3 
5.86 3 

O.78 3 
I.16 4 
1.43 4 
1.65 4 

1.83 4 
1.97 4 
2.07 4 
2.15 4 
2.23 4 

8.79 2 
1.76 3 
2.93 3 
5.86 3 

8.79 3 
1.18 4 
I.50 4 
1.86 4 

2.27 4 
2.71 4 
3.20 4 
3.71 4 
4.79 4 

2.99 3 
6.10 3 
1.03 4 
2.22 4 

3.60 4 
5.19 4 
7.09 4 
9.35 4 

1.19 5 
1.45 5 
1.72 5 
1.98 5 
2.»*8 5 

8.82 
1.05 1 
1.18 1 
1.38 1 

1.51 1 
1.62 1 
1.72 1 
1.82 1 

1.91 1 
2.00 1 
2.07 1 
2.14 1 
2.25 1 

4.23 3 
8.57 3 
1.45 4 
3.05 4 

4.83 4 
6.85 4 
9.21 4 
1.20 5 

1.51 5 
1.83 5 
2.17 5 
2.50 5 
3.16 5 

p/pb = 1000 

300 
Ó00 

1,000 
2,000 

3,000 
»*,000 
5,000 
6,000 

7,000 
8,000 
9,000 

10,000 
12,000 

7.41 -4 
6.47 -3 
2.33 -2 
5.34 -2 

9.44 -2 
1.42 -1 
I.92 -1 
2.4l -1 
3.3I -1 

4.96 -1 
4.96 -1 
4.96 -1 
4.96 -1 

4.96 -1 
4.93 -1 
4.84 -1 
4.69 -1 

4.49 -1 
4.25 -1 
4.00 -1 
3.76 -1 
3.31 -1 

1.46 1 
I.91 2 
8.6I 2 
2.37 3 

4.08 3 
8.39 3 
I.28 4 
1.78 4 
2.93 4 

1.10 3 
2.20 3 
3.½ 3 
7.32 3 

1.10 4 
1.45 4 
1.79 4 
2.08 4 

2.32 4 
2.51 4 
2.66 4 
2.77 4 
2.93 4 

1.10 3 
2.20 3 
3.66 3 
7.32 3 

1.10 4 
1.47 4 
1.87 4 
2.31 4 

2.81 4 
3.35 4 
3.93 4 
4.55 4 
5.86 4 

2.99 3 
6.10 3 
I.03 4 
2.22 4 

3.59 4 
5.17 4 
7.04 4 
9.22 4 

I.16 5 
1.42 5 
1.68 5 
1.94 5 
2.43 5 

8.60 
I.03 1 
I.16 1 
I.36 1 

1.49 1 
1.60 1 
I.69 1 
1.79 1 

1.88 1 
1.96 1 
2.04 1 
2.10 1 
2.21 1 

4.23 3 
8.57 3 
1.45 4 
3.05 4 

4.83 4 
6.83 4 
945 4 
I.18 5 

1.48 5 
I.80 5 
2.12 5 
2.45 5 
3.09 5 

1 



For a given value of ß « (y+1)/(y-1)> Eq* (l) h»* f01® 1(u)* 
Q 

Since the efficiency is given by tj * 1/2 u /r, Eq.(l) gives laplicitly 

rj ■ f(v/ao). It was noted that the plot of log tj versus log (v/aQ) always 

has a negative slope. The object is to show that this fact is sufficient 

to insure that if the quantities m/PoAL and ß are held fixed! then Increas¬ 

ing aQ always leads to Increasing v. 

Since the logarithm is a monotonie increasing function of its argu¬ 

ment, the negative slope of the log-log plot implies that f'(v/ao) is also 

negative. 

The quantity, v, is the solution of the equation 

2 

(¾ ■ i 
mv 
P À1 
0 

(9) 

Taking the derivative of Eq. (9) with respect to a , one has 

,, / v \ fl dv v I mv dv 
f r r dT- “2 “ pTl ar' 

\ o/ L o o a J o o 
(10) 

which leads to 

dv 
da 

'•(y (n) 

mv 
FÄE o 

Since m/P AL. v, and a are all positive quantities, it is clear that 
^ o ' o 

if f(v/a ) is negative, then the right-hand side of Bq. (ll) is always posi¬ 

tive. Therefore, under these conditions 

£- >0 (12) 

! 
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